Introduction {#section1-1178636120945294}
============

An endocrine hormone produced at exposure to a specific UVB wavelength of the sun, vitamin D, assists in the functioning of some endocrine system inclusive of feeding.^[@bibr1-1178636120945294]^ There is also the suggestion of a possible association between vitamin D and intestinal microbiome. This is because during the winter months, some bacterial species are favoured when levels of vitamin D are lowered, thus promoting weight gain.^[@bibr1-1178636120945294]^ However, as vitamin D levels increased during the summer months, it is postulated that growth of healthy gut bacterial species would be favoured.^[@bibr1-1178636120945294]^ This could lead to a subsequent weight loss.^[@bibr1-1178636120945294]^ High levels of vitamin D deficiency is reported globally inclusive of Saudi Arabia^[@bibr2-1178636120945294]^ even among healthy individuals. Al-Alyani et al^[@bibr3-1178636120945294]^ reported that vitamin D deficiency was 30% among Saudi Arabia population between 1983 and 1984. The same study queried the 100% deficiency reported by other researchers for the same region in later years.^[@bibr2-1178636120945294],[@bibr4-1178636120945294]^ Their research attributed this query to the fact that major cities in the Kingdom of Saudi Arabia are in the tropics with appropriate sunshine and that the fact that the population is on an adequate diet, the reported 100% deficiency was not realistic.^[@bibr3-1178636120945294]^

The importance of vitamin D in human health is receiving global attention due to deficiencies of the vitamin being linked to numerous diseases.^[@bibr5-1178636120945294][@bibr6-1178636120945294]-[@bibr7-1178636120945294]^ Also the role of the gut microbiome has received much attention in recent times. This is because changes in the human intestinal microbiome have been associated with many chronic diseases all of which have been associated with deficiency of vitamin D.^[@bibr8-1178636120945294][@bibr9-1178636120945294][@bibr10-1178636120945294]-[@bibr11-1178636120945294]^

One of the attributed reasons for vitamin D deficiency is sedentary life style, which is generally a risk factor for many chronic diseases such as obesity,^[@bibr12-1178636120945294]^ and it is reported that gut bacteria play an important role in the regulation of human health system.^[@bibr13-1178636120945294],[@bibr14-1178636120945294]^ In one of the reports, the role of vitamin D receptor (VDR) in affecting the microbiome was highlighted.^[@bibr13-1178636120945294]^ They were of the view that dietary vitamin D was crucial for a healthy state with VDR involved in many body functions through distinct effector molecules. They indicated that the progress they had made in establishing the association between microbiome vitamin D/VDR in disease and inflammation was encouraging. The report also pointed to the need for more concise and detailed investigations in this aspect of research which could provide new opportunities for the prevention and treatment of metabolic diseases.^[@bibr13-1178636120945294]^ However, while researchers are looking at deficiency in vitamin D and its links to numerous diseases, literature is minimal on details of how this endocrine hormone could affect the gut microbiome and consequently possible changes in body weight. With obesity on a global increase, researchers have been reporting a link between vitamin D deficiency--associated obesity and other health problems.^[@bibr15-1178636120945294],[@bibr16-1178636120945294]^ Studies have shown that higher body weight and higher fat mass are linked to vitamin D deficiency.^[@bibr17-1178636120945294]^ There is need for a closer look at the relationship between varying levels of vitamin D as it affects the gut microbiome. This could be a leading gateway in preventing or controlling chronic metabolic diseases that are currently of major public health concern. The present investigation therefore looks at the effect of supplementation with different doses of vitamin D on laboratory-bred mice to ascertain any possible correlation between it, the gut microbiome, and body weight.

Materials and Methods {#section2-1178636120945294}
=====================

Ethical approval: the research and ethics committee of the College of Medicine, King Faisal University approved the research (approval number 200919B).

Animals and their sources {#section3-1178636120945294}
-------------------------

BALB/C male mice of 8 to 12 weeks old with mean weights 34 to 35.8 g were used for the investigation. They were from the animal house of the College of Medicine and had been kept in line with the ethical policy of King Faisal University on the use of laboratory-bred animals. The animals were in groups of 5, in well-ventilated cages according to internationally recommended principles for the use and care of laboratory animals as found in the National Institute of Health Guidelines for the care of laboratory animals.^[@bibr18-1178636120945294]^ They were allowed 12 hours of day light, 12 hours of dark cycle as well as being allowed free access to standard normal mice chow and water ([Supplementary data](https://journals.sagepub.com/doi/suppl/10.1177/1178636120945294) for chow composition). On selection, they were monitored for 2 weeks before the start of the experiment.

Calculation of vitamin D dosage and experimental procedure {#section4-1178636120945294}
----------------------------------------------------------

Vitamin D~3~ concentrations were prepared according to the method of Hummel et al,^[@bibr19-1178636120945294]^ with modifications, as mice were observed to drink approximately 10 mL of water per day, in 0.375, 0.75, and 1.5 µg/mL concentrations. Therefore, daily doses were 3.75, 7.5, and 15 µg/d, respectively, representing 150, 300, and 600 IU of vitamin D per day. These doses were presented as low (0.375 µg/mL), normal (0.75 µg/mL), and high dosages (1.5 µg/mL).^[@bibr19-1178636120945294]^

A total of 20 mice used for the investigation were placed in cages consisting of 5 mice each. They were divided into the following treatment groups: low dose which received daily low doses of vitamin D, normal vitamin D dose supplementation group, the third group which received daily high doses of vitamin D~3~, and the final group was the control group which did not receive vitamin D~3~ supplementation. Individual weights of mice were measured using an electronic balance to the nearest 0.1 g. Weights were monitored and recorded on weekly basis for the period of 8 weeks until euthanised.^[@bibr20-1178636120945294],[@bibr21-1178636120945294]^

Collection of sample for microbiome analysis {#section5-1178636120945294}
--------------------------------------------

Faecal samples were collected from each mouse in the group at week 0, the start of vitamin D supplementation, and 8 weeks later according to the method described by Ericsson et al,^[@bibr22-1178636120945294]^ with modifications. In addition, samples from the rectum of each mouse were collected from all the groups at baseline and at week 8 with sterile inoculating loop (10 μL).

They were finally euthanised by cervical dislocation for the collection and assay of faecal microbiota.

Bacteria colony count {#section6-1178636120945294}
---------------------

Manual counting of bacteria colony-forming units was done using a hand counter and a dissecting microscope.^[@bibr23-1178636120945294]^ Plate covers were partitioned for the counting with the counted colonies marked with a pen on the cover of each plate. The identification and characterisation of microbial colonies were done with the Vitek Compact 2 with all bacterial isolates grouped into the following: gram-positive bacteria, gram-negative (*Escherichia coli*), gram-negative anaerobic bacilli (Bacteroidetes), and *Salmonella/Shigella.*

Microbial analysis of faecal samples {#section7-1178636120945294}
------------------------------------

Collected faecal samples were inoculated into nutrient broth and cultured at 37°C for 24 hours. Two nutrient broth samples were prepared per inoculum, one incubated aerobically (aerobic incubator) and the second anaerobically in a CO~2~ incubator (10% CO~2~) for 24 hours. Overnight growth was plated out on the following selective media: *Salmonella/Shigella* agar, blood, MacConkey, and chocolate agars in duplicates. One set of plates were incubated aerobically, whereas the other set anaerobically for 24 hours. Colony counts were performed using the spread agar plate method^[@bibr24-1178636120945294],[@bibr25-1178636120945294]^ with microbial colonies identified phenotypically. Basic bacteriological techniques were used for the preparation of pure colonies with the isolated bacteria identified with the Vitek 2 Compact automated system (BioMerieux) according to manufacturer's guidelines using the ID cards. The identified bacterial colonies were counted and placed in the groups of Bacteroidetes, Firmicutes, Actinobacteria, and Gammaproteobacteria.

### Statistical analysis {#section8-1178636120945294}

Data analysis was performed using Prism version 8.2.3 (GraphPad Software) and presented as mean ± SD, unless otherwise indicated. Significant differences were determined using 2-way analysis of variance (ANOVA) to compare differences within treatment groups and between groups for weight changes. Furthermore, covariate analysis was done by SPSS to confirm the association between dosage groups in terms of weight changes. Two-way ANOVA was used to determine significant differences of microbial colony counts among treatment groups.

Results {#section9-1178636120945294}
=======

Weekly observations on weight changes {#section10-1178636120945294}
-------------------------------------

Results on mean weekly weight observation for all groups of mice are presented in [Figure 1](#fig1-1178636120945294){ref-type="fig"}. The figure shows the mean weight ± SD at baseline and for each week of the intervention according to treatment groups. Mice receiving the normal dose of vitamin D showed a significant decrease in mean weight at baseline and at week 8 (mean change: −5.6 g; 95% CL: 3.495-6.555, *P* = .0001). No other treatment groups showed a significant change in weight ([Table 1](#table1-1178636120945294){ref-type="table"}). All groups showed variations in weight during the period of observations. At the end of the intervention, mice that received normal or high doses of vitamin D had significantly lower mean weights than those of the control group ([Supplementary data](https://journals.sagepub.com/doi/suppl/10.1177/1178636120945294)). In [Table 1](#table1-1178636120945294){ref-type="table"}, we present mean weights of control and treatment groups.

![Weekly changes in weight among the vitamin D--supplemented (low, normal, high) and control groups.](10.1177_1178636120945294-fig1){#fig1-1178636120945294}

###### 

Showing mean weight changes ± SEM at weeks 0 and 8 post supplementation with different doses of vitamin D.

![](10.1177_1178636120945294-table1)

  Treatment group   Initial mean weight, g   Final mean weight, g                                                Mean weight change, g   *P* value                                                     Percentage weight change
  ----------------- ------------------------ ------------------------------------------------------------------- ----------------------- ------------------------------------------------------------- --------------------------
  Control           34.6 ± 6.9               36.45 ± 6.8                                                         1.8                     .9382                                                         5.06
  Low dose          35.8 ± 3.96              37.45 ± 5.30                                                        1.65                    .9849                                                         4.6
  Normal dose       35.5 ± 1.27              29.9 ± 0.28[\*](#table-fn1-1178636120945294){ref-type="table-fn"}   −5.6                    .0335[\*](#table-fn1-1178636120945294){ref-type="table-fn"}   −15.7
  High dose         34 ± 0.57                32.15 ± 2.76                                                        −1.85                   .4512                                                         −5.4

represents *P* \< 0.05.

Gut bacteria colony count {#section11-1178636120945294}
-------------------------

The results on mean colony count of gut bacteria on selective agars are presented in [Figure 2](#fig2-1178636120945294){ref-type="fig"}. Mean number of gram-positive gut bacteria colonies was seen to slightly increase in all groups but more in the treated groups. This difference is considered not to be quite statistically significant. Gram-negative gut bacteria colonies observed on MacConkey agar showed an increase in the number of counted colonies in all groups inclusive of the control groups. There was a statistically significant difference between the low and high vitamin D dosage groups. However, a non-statistically significant increase was seen in the group that had received the normal vitamin D supplementation. On the *Salmonella/Shigella* agar, the results showed that supplementation with low and high doses led to an increase in the mean number of bacterial colonies.

![Overall mean colony count on selective media with different doses of vitamin D.\
*P* \< .05.](10.1177_1178636120945294-fig2){#fig2-1178636120945294}

Observation, however, differed among the control untreated group and those placed on normal daily doses which showed difference at baseline and the final count. A similar pattern is seen with colonies of Bacteroidetes gut bacteria ([Figure 2](#fig2-1178636120945294){ref-type="fig"}). In terms of bacterial species, the results in [Figure 3](#fig3-1178636120945294){ref-type="fig"} is a comparison in mean percentages of colonies for *E coli, Pseudomonas aeruginosa*, and *Salmonella/Shigella* spp. In the control untreated group of mice and those placed on low levels of daily doses of vitamin D, there were no significant differences at baseline and at week 8 for all bacterial species. Differences between the control and those that had received normal dose were statistically significant with a *P* value of .0045, whereas differences between the low- and high-dose supplemented groups were not significant with *P* values of .08 and .26, respectively.

![Comparison of mean gut colonies of bacterial species ± SD of gut colonies by different treatment groups.\
0 = Baseline, 8 = Week 8. Control = without vitamin D supplementation; low dose = 0.375 µg/mL; normal = 0.75 µg/mL; high dose = 1.5 µg/mL. \**P* \< .0045.](10.1177_1178636120945294-fig3){#fig3-1178636120945294}

The overall percentage changes in the colonies of *Salmonella/Shigella* species, *P aeruginosa*, and *E coli* for all groups at baseline and at the finishing of the investigation showed a decrease in the low- and normal-dose vitamin D groups. The only observed reduction was with *Salmonella/Shigella* species seen in the high-dose vitamin D group. Changes in gut bacteria species increased significantly at baseline and at week 8 for the control group ([Figure 3](#fig3-1178636120945294){ref-type="fig"}).

Discussion {#section12-1178636120945294}
==========

Supplementation with vitamin D as low, normal, or high dose is seen in this investigation to have led to some changes in body weight of the experimental mice at varying degrees. The low-dose group showed no statistically significant difference in weight at baseline up to week 8 when the experiment was terminated. Similar findings had been reported^[@bibr26-1178636120945294]^ that insufficiency in vitamin D did not result to weight gain in obese or lean mice. The researchers, therefore, concluded that low levels of vitamin D were not associated with weight gain in their laboratory mice.^[@bibr26-1178636120945294]^ However, contrary to these reports are those of other researchers^[@bibr27-1178636120945294],[@bibr28-1178636120945294]^ who found that diet-induced deficiency of vitamin D in mice led to a gain in weight and attributed this to the fact that the mice in their experiments were resistant to high-fat food diet and thus gained weight. These reports, therefore, suggest differences in laboratory findings on laboratory-bred mice. Such variations in results could be attributed to reasons that include the age of mice, duration of administration of vitamin D, diet type, as well as alterations in diet.^[@bibr26-1178636120945294]^ However, in numerous human clinical studies,^[@bibr29-1178636120945294][@bibr30-1178636120945294][@bibr31-1178636120945294]-[@bibr32-1178636120945294]^ insufficiency in vitamin D is associated with weight gain. These reports while associating low levels of vitamin D to gain weight also indicated that normal levels of the vitamin would promote loss of weight. A clinical trial study^[@bibr33-1178636120945294]^ reported significant decrease after 6 weeks of intervention with vitamin D. The research suggested an association between vitamin D and body weight that could probably explain the results seen in the present investigation. There are, however, general controversies in literature on the effect of insufficiency in vitamin D and its association with weight gain. Due to these varying reports, it was suggested that there should be well-laid foundations in defining the efficacy of vitamin D supplementation in therapeutic options aimed at weight loss.^[@bibr34-1178636120945294]^ In the present investigation, that there were no significant weight changes in the group that received low vitamin D supplementation probably suggests the that normal balanced levels of this vitamin could be needed to initiate any meaningful changes in body weight. However, more detailed investigations would be needed to confirm or refute the probable effective therapeutic options.^[@bibr35-1178636120945294]^

In this investigation, normal dose of vitamin D supplementation led to a sharp decrease in weight within 7 days of the administration of daily doses with body weight at week 8 remaining lower than the starting weight. This suggests the possibility that adequate levels of vitamin D might be needed to lose weight but to a certain degree. This is because in this group there were no noticeable changes in weight between weeks 3 and 8. This suggests the possibility of stabilisation in weight which might be as a result of consistent levels of vitamin D in which the body composition was not modulated a view earlier expressed by other researchers.^[@bibr26-1178636120945294],[@bibr36-1178636120945294]^ These researchers reported that during consistent levels of vitamin D, the body composition is not modulated. As such, it could be assumed that at week 3 post supplementation, consistent levels of vitamin D would have been attained leading to no further changes in body weight as seen in this study. There is also the possibility of an interplay between other contributory factors and these would have led to either weight gain or otherwise. One of such interplays of contributory factors is those between vitamin D and its effect on parathyroid.^[@bibr36-1178636120945294]^ In this study, that the final body weights of the normal and overdose vitamin D groups remained lower than the initial starting weights could indicate initial changes in weights at the start of supplementation that stabilised between weeks 3 and 8. However, that the differences in mean weights of the normal- and high-dose groups were not statistically significant could imply that high supplementation did not significantly increase the levels of vitamin D to further effect weight changes beyond the normal as earlier suggested.^[@bibr27-1178636120945294],[@bibr37-1178636120945294]^ Another contributory factor to non-significant changes in this group could also be attributed to duration in time of vitamin D supplementation.^[@bibr26-1178636120945294]^ It was reported^[@bibr26-1178636120945294]^ that changes at week 16 among lean mice on high doses of vitamin D remained inconsistent leading to no specific conclusions. However, the fact that significant reduced levels of vitamin D in humans^[@bibr38-1178636120945294],[@bibr39-1178636120945294]^ were associated with obesity, it would have been expected that mice place on a high supplementation dose would have lost more weight than in all the other experimental groups. As this was not the case seen in this study suggests the possibility of weight loss being associated with normal levels of vitamin D as well as factors created by its consistency.

Another contributory factor could also be the possibility of an interplay in alterations in gut microbiome resulting from different vitamin D levels which could have subsequently resulted in changes in body weight.^[@bibr40-1178636120945294]^ This investigation showed variations in gut bacteria between the treated and untreated groups with changes differing in gut bacteria species. Earlier suggestions^[@bibr40-1178636120945294]^ are that low doses of the vitamin led to alterations in faecal microbiome composition in mice. These findings were explained to be due to the ability of the vitamin to alter the permeability of the intestinal epithelia. This leads to factors in body metabolism that could subsequently facilitate weight gain as well as the ability to fight diseases.^[@bibr40-1178636120945294]^ Bashir et al^[@bibr20-1178636120945294]^ observed that high vitamin D doses led to massive changes in gut microbiome with decreases in Gammaproteobacteria (*Pseudomonas, E coli*, and *Shigella*) species in upper gastro-intestinal tract (GIT). Their findings are contrary to those of the present report where there was a significant increase of gram-negative Proteobacteria (*E coli*) in all treatment groups as compared with the control group. In other human studies, certain Firmicutes (*Staphylococcus*) or Proteobacteria (*E coli*) were found to increase in number with vitamin D supplementation.^[@bibr41-1178636120945294]^ With other reports^[@bibr42-1178636120945294]^ associating obesity with the ratio of Firmicutes/Bacteroidetes, the interplay between vitamin D and the gut microbiome is further highlighted. The resulting changes could affect the body metabolism and subsequently reflect on body weight.

Generally, the gut microbiome of mammals is divided into 4 phyla. Among the gram-negative bacteria are Bacteroidetes and Proteobacteria, whereas those in the gram-positive are Actinobacteria and Firmicutes.^[@bibr43-1178636120945294]^ It is postulated that alterations in quantity between these groups of gut bacteria could lead to changes in body weight with the possibility of such alterations resulting from differing vitamin D levels.

The result in this investigation showed a significant increase of species of *Salmonella/Shigella* and gram-negative anaerobic bacilli in the low- and high-dose vitamin D treatment groups, whereas these bacterial species were seen to either decrease or remained stable in the normal supplementation group. This therefore suggests that the gut microbiome was either altered or regulated by normal vitamin D doses. Reports, however, differ as some observations^[@bibr44-1178636120945294]^ indicated that increase in quantities of Bacteroidetes, Firmicutes, and Gammaproteobacteria was encountered in vitamin D--deficient mice. Thus, that Firmicutes were not significantly increased in this investigation could probably be due to vitamin D consistent levels whereby no longer modulating the gut microbiome of this group of bacteria.^[@bibr45-1178636120945294]^ There is also the possibility that this vitamin acted on the Firmicutes' composition of the gut microbiome resulting in no significant changes as earlier reported.^[@bibr46-1178636120945294]^ Also, a similar observation in humans^[@bibr47-1178636120945294]^ suggested that alterations in gut microbiome could be due to low levels of vitamin D, suggesting that different supplementation doses will affect the gut microbiome in one way or another. Gain or loss of weight could therefore be attributed to differences in gut bacteria as seen in the present investigation as earlier noted.^[@bibr48-1178636120945294]^ That the normal dose of vitamin D--supplemented group lost weight could be due to the ratios of Firmicutes and Bacteroidetes that either increased or remained stable. However, reports on changes in gut microbiota of humans supplemented with vitamin D differ. Some researchers^[@bibr49-1178636120945294]^ reported lower rates of Firmicutes and Bacteroidetes in obese patients, whereas others^[@bibr50-1178636120945294]^ associated weight gain to reduced Bacteroidetes and increased Firmicutes. While dominancy of Firmicutes had been demonstrated in lean and obese individuals,^[@bibr51-1178636120945294]^ the Bacteroidetes were seen to be significantly enriched in obese patients.^[@bibr52-1178636120945294][@bibr53-1178636120945294]-[@bibr54-1178636120945294]^

The present report, therefore, suggests that the gut microbiome could be altered by different levels of vitamin D, an information that could be beneficial to health care providers in the management of patients with GIT disease. More so, as other research works have highlighted the fact that a shift in the intestinal microbial composition results from low vitamin D levels could be a contributory factor to many GIT diseases.^[@bibr55-1178636120945294],[@bibr56-1178636120945294]^

Limitations of the study {#section13-1178636120945294}
------------------------

One of the limitations of this study is not having evaluated serum levels of vitamin D in groups. Although our main goal was to study the microbial count in mice administered with different doses of vitamin D, it would have been useful for completeness to also dose this vitamin in the blood. In addition, as we observed weight loss, we could also examine the lipid profile.

Supplemental Material {#section14-1178636120945294}
=====================
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